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HIGH-TEMPERATURE DIELECTRIC PROPERTIES OF CANDIDATE 

SPACE -SHUTTLE THERMAL - PROTE CTION- SYSTE M 

AND ANTENNA-WINDOW MATERIALS 

By Melvin C. Gilreath and Stark L. Castellow, Jr. 
Langley Research Center 

SUMMARY 

An experimental program was conducted to measure the dielectric properties of 
several candidat e spac e - shuttle antenna- window and thermal -protect ion - system (TPS) 
materials from ambient to approximately 1473 K. The results obtained during this meas- 
urement program a re  presented. A description of the high-temperature-measurement 
technique used is given. Several problem areas associated with the low-density reusable 
surface insulation (RSI) materials a re  discussed. 

The dielectric properties as a function of temperature of other dielectric materials 
being considered for possible space-shuttle applications are also presented, 

INTRODUCTION 

Several of the space-shuttle-orbiter antennas must be located on the forward lower 
portion of the vehicle to provide the required radiation patterns. These antennas and the 
orbiter must be thermally protected from reentry-surface temperatures exceeding 1473 K. 
In an attempt to satisfy the space-shuttle thermal protection requirements, several non- 
metallic external reusable surface insulation (RSI) materials have been developed. If such 
a material is used for the thermal-protection system (TPS), i ts  use also for thermal pro- 
tection of the antennas would be desirable. 
covering antennas should preferably have a low value of both dielectric constant and loss 
tangent. Also, these properties should not change appreciably as a function of tempera- 
ture. This investigation was conducted to determine the dielectric properties of the candi- 
date materials over the temperature range to which they could be exposed during a shuttle 
reentry. No attempt was made in this investigation to determine the amount of change 
that could be tolerated in the dielectric properties and still maintain acceptable antenna 
performance. In addition to the thermal-protection-system (TPS) materials, several state- 
of-the-art antenna-window materials were also evaluated for possible use i f  the TPS mate- 
rials were found to be unacceptable as antenna covers. Other materials being considered 
for possible reusable surface insulation (RSI) shock mounting or antenna insulation mate- 
rials were evaluated but over a lower temperature range. 

Generally, the thermal protection material 
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SYMBOLS 

wide dimension of test sample, cm 

wide dimension of waveguide, cm 

narrow dimension OP test sample, cm 

narrow dimension of waveguide, cm 

length of test sample, cm 

frequency, Hz 

resonant frequency of loaded cavity 

resonant frequency of unloaded cavity 

quality factor of loaded cavity at resonance 

quality factor of unloaded cavity at resonance 

temperature, K (except in the program inputs, where OC were used) 

loss tangent of dielectric medium 

loss tangent of empty waveguide 

loss tangent of waveguide and test sample 

distance from face of test sample to first minimum 

node position with empty waveguide 

node position with test sample in waveguide 

AX = AX2 - AX1 

node width, 3 d33 above the minimum in empty waveguide AX1 
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2 node width, 3 above the minimum with test sample in waveguide 

QS 

OCW 

average coefficient of thermal expansion of test sample 

coefficient of thermal expansion of waveguide 

p2 imaginary part of the propagation constant of wave in sample within waveguide 

Er relative dielectric constant 

h C  cut-off wavelength of waveguide 

hg wavelength in waveguide 

P density of material, kg/m3 

The material used to provide thermal protection for the antennas on a space shuttle 
must satisfy several operational requirements. (See refs. d to 3.) Among these is the 
requirement for the material to withstand repeated exposure to the high temperatures 
experienced during reentry without serious degradation of its dielectric properties. Con- 
tours of predicted maximum surface temperatures which the shuttle orbiter is expected to 
encounter during reentry are presented in figure 
tures as given in reference 1 were Fahrenheit, whereas in figure 1, they a re  Kelvin. These 
peak temperatures and th eating rates are  less than those experienced on previous 
spacecraft (for example, 110) during earth reentry; h 
imum shuttle heating is much longer9 as shown in figure 
change in temperatures from Fahrenheit to Kelvin. The calculations presented in figure 2 
were performed for a forward bottom-center-line antenna location where an emittance of 
0.8 was assumed for  the RSI material on a high-cross-range orbiter. 

(from ref. 1). Note that the tempera- 

ever, the duration of the max- 
(from ref. 4). 

C 

The materials that were evaluated during this investigation a re  listed in table I. 
Eighteen materials were evaluated, of which seven were antenna-window materials, seven 
were TPS materials, and four were materials being considered for other applications. 
The antenna-window materials consisted of boron nitrides (that is, hot pressed boron 
nitride, isotropic pyrolytic boron nitride), silicas (that is, slip-cast fused silica, silica 
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composites), aluminum phosphate foam, and a low density silicone ablative material 
(SLA-220 V H/C). The ablative material was evaluated because of the possibility that an 
ablative TPS might be used on the first vehicle if the RSI development has not progressed 
sufficiently by time of first launch. 

\ 

The TPS materials were primarily RSI materials of a silica (namely, LI-900, 
LI-1500) o r  fibrous (namely, mullite HCF, mullite MOD IA, mullite HCF MOD IIIA) com- 
position having relatively low densities (p = 161 kg/m3 to 295 kg/m3). (See table II.) 
These materials are subject to moisture absorption, as well as to damage due to handling 
and erosion. Also, they have poor emissivity properties. Several techniques have been 
developed for providing waterproofing and erosion and handling resistance. One approach 
has been to apply thin ceramic-like surface coatings from 0.254 mm to 0.762 mm thick. 
Additives to these surface coatings have achieved normal emittance values of 0.8 to 0.9. 
Detailed descriptions of some of the RSI materials are given in references 1 to 3. The 
other materials included in the TPS category were a closed-porosity insulation material 
(CPI-35) and an ablative material (SLA-561V H/C) of a silicone and Fork composition. 
The CPI-35 material has a density (p = 561 kg/m3) somewhat higher than the other RSI 
materials; however, because of its closed pore structure, it is apparently less susceptible 
to moisture absorption than some of the other materials. The desired emissivity can also 
apparently be achieved by the use of high-emissivity additives to the bulk properties of the 
material so that the surface-coating requirement is eliminated. The ablative TPS material 
(SLA-561V H/C) having a density of 240 kg/m3 was evaluated because it was being con- 
sidered as a possible backup TPS for the orbiter. 

The remaining materials are those being considered for other space- shuttle applica- 
tions. The rubber compounds (namely, L-4350, RL-197-3, S-105) are being evaluated as 
possible mounting or  attachment materials for the RSI paqels. Dynaquartz is being con- 
sidered for use as an insulation material over the antennas. Since these materials are 
being considered for applications requiring them to be placed over or  near antennas and 
could affect the antenna performance, a determination of their dielectric properties was 
necessary. 

DIELECTRIC PROPERTY MEASUREMENTS 

Room Temperature 

No published data were available on the room-temperature dielectric properties of 
several of the candidate materials and this information was required before an accurate 
determination of the test-sample size for the high-temperature tests could be made. 
Therefore, each candidate material was evaluated at room temperature by utilizing 
rectangular cavities to determine its dielectric constant and loss tangent. Transverse 
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electric (TEiO1) dominant mode cavities having unloaded resonant frequencies of 8 to 
15 GHz were used for the measurements. One of the test cavities with some typical test 
samples is shown in figure 3. 

The dielectric properties were determined by measuring the resonant frequency 
and the associated quality factor for both the unloaded and loaded cavity conditions. From 
reference 5, 

and 

where f r  0 and QO are the unloaded cavity parameters, and fr , l  and Qz are  the 
loaded paiameters. The resonant frequencies were measured by an interpolation method 
(ref. 6, pp. 386-389). The response curves of the cavities were measured by the substi- 
tution method, also given in reference 6 (pp. 403-405). The dielectric constant values 
obtained by this technique were then used to determine the test-sample sizes needed for 
the high-temperature measurements. 

High - Temperature Measurements 

Measurement technique. - The dielectric properties of most candidate materials 
were measured from room temperature up to 1473 K by the short-circuited waveguide 
technique (ref. 7). The basic measurement method is to determine the standing wave node 
positions and 3-dB node widths of a short circuited waveguide with and without the presence 
of the test sample as shown in figures 4(a) and 4(b). It was shown in reference 7 that for 
loss tangents less than 0.1, the relative dielectric constant is determined by 

where 

h C  

P2 

waveguide cutoff wavelength 

imaginary part of the propagation constant of the wave in the sample within 
the waveguide 
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dS sample length 

k waveguide wavelength 

The value of p2ds is determined from the relation 

where Xo, the distance from face of test sample to first minimum, is 

The solution of equation (4) for Pads is multivalued and will give several values for  Er. 

f the correct one cannot be selected by previous knowledge of the material (that is, 
approximate dielectric constant), a second measurement using a sample of different 
length ds is necessary. The loss tangent of the waveguide and sample is calculated by 
the equation (from ref. 7): 

b -I ” 

1 is the difference in minimum node widths with and without the test 
sample in place. Since some dissipation is always present in the walls of the waveguide, 
a measurement of the node width includes those losses together with the dielectric losses. 
Consequently, the loss due to the section of waveguide must be determined and subtracted 
from the value found for the waveguide and sample from equation (6). The loss tangent of 
the empty waveguide can be determined from equation (6) after measuring AXl. In this 
case would be unity, ds would be the distance from the measured minimum to the 

shorted end of the waveguide, and both tan - and tan &ds would be very large. 

Then, equation (6) gives for the loss tangent of the waveguide: 

27rxo 

hg 
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Approximations were necessary in order to reduce the equations for the dielectric 
constant and loss tangent to the simplified forms presented in equations (3) and (6). These 
approximations were verified (ref. 7) by numerical calculations and for loss tangents less 
than 0.1 the calculation of the dielectric constant can be made to an accuracy of approxi- 
mately 4 percent. The accuracy of the approximation increases with decreasing loss 
tangent. Similar accuracy is also obtained in the calculation of tan 62. 

Prior to determination of the dielectric properties of the candidate materials as a 
function of temperature, corrections must be included in the calculations to account for 
changes in the waveguide and sample sizes as a function of temperature. Changes in the 
sample and waveguide dimensions (that is, bs, ds, aw, and bw) due to temperature 
changes can produce changes in A,, Ag, &, Xo, Xi,  X2, AX1, and 
used in the calculation of Er and tan 6. Therefore, thermal expansion coefficients for 
both the platinum-rhodium sample holder and the test samples must be included in the cal- 
culations to compensate for any changes due to thermal expansion of these components 
during the high-temperature tests. 

1 

Calculations. - The dielectric constant and loss tangent of each candidate material 
were calculated by using equations (3) and (6) and a computer program similar to that 
presented in reference 8. Extensive reference to this program was made in preparing a 
program for use on the computer facilities at the Langley Research Center. The com- 
puter program listing is presented in the appendix. 

The input parameters to the computer program used for performing the calculations 
a re  as follows: 

(1) Temperature, T, O C  

(2) Coefficient of thermal expansion of the waveguide, cyw 

(3) Average coefficient of thermal expansion of the test sample, cys 

(4) Frequency, f, Hz 

(5) Wide dimension of waveguide, aw, cm 

(6) Narrow dimension of waveguide, bw, cm 

(7) Narrow dirnension of test sample, bs, cm 

(8) Length of test sample, ds, cm 

(9) Node position with empty waveguide, X1 

(10) Node position with test sample in waveguide, X2 

(11) Node width, AXl, 3 dB above the minimum in empty waveguide 

(12) Node width, AX2, 3 dB above the minimum with test sample in waveguide 

(13) Estimate of dielectric constant of test sample 
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The calculation solves equation (4) and uses the first five solutions to substitute into 
equation (3). The input estimate of the dielectric constant determines which values of the 
relative dielectric constant and loss tangent a re  printed out. 

Experimental. - A block diagram of the instrumentation used for the experimental 
measurements is shown in figure 5, and figure 6 is a photograph of the experimental set- 
up. The measurements were conducted at a fixed frequency of 10 GHz by using standard 
microwave components and measurement methods. The test sample holder was a short- 
circuited high-temperature waveguide constructed from a platinum-rhodium alloy. The 
high-temperature waveguide and test samples were inserted in a tubular furnace for 
heating from ambient up to a maximum temperature of 1473 K. 

Dielectric sample.- The relative size and shape of the test sample required for the 
high-temperature measurements a re  shown in figure 7. The test sample must f i t  inside 
the end of the platinum-rhodium waveguide test section which has an internal cross sec- 
tion of 1.0160 cm by 2.2860 cm. The transverse dimensions of the sample should be 
0.005 cm less than those of the test section to allow for inserting and removing the sample. 
The front and back surfaces should be parallel to within 0.001 cm and perpendicular to the 
axis of the waveguide. The length ds of the sample depends upon the test frequency, 
waveguide wavelength, and an estimate of the relative dielectric constant. 

Several different techniques or  methods had to be used to prepare the test samples. 
Also, minor differences were observed in samples of the same materials. Some of the 
more dense antenna-window materials (for example, SCFS, silica composites) had to be 
machined by using diamond-tipped tools. The low-density RSI test samples were pre- 
pared by more conventional machining techniques except where it was necessary to pre- 
pare a sample having the ceramic-like surface coating. Diamond-tipped tools were 
required to machine this type of coating accurately. Test samples were stored in plastic 
bags after machining to reduce their exposure to moisture prior to testing. In addition to 
being stored in plastic bags, those samples indicated in table 11 were oven dried to reduce 
the moisture content before measurements of their dielectric properties were obtained. 

Measurement procedure.- A calibration of the system with no test sample must be 
made to determine the node position Xi and node width AX1 as a function of tempera- 
ture before any material samples can be evaluated. During the high-temperature tests 
the test frequency of 10 GHz was maintained to within 1 part in 108 per hour. The input 
power was monitored and maintained at the same level for all tests. 

The high-temperature waveguide was placed inside the tubular furnace and a meas- 
urement of Xi and AX1 was obtained with the waveguide at room temperature; then, 
these measurements were repeated as a function of temperature in increments of 100 K 
from 473 K up to 1473 K. The furnace was allowed to remain at each temperature 
setting approximately 30 minutes before data were recorded. Once the furnace test 
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section had stabilized at the desired temperature, the temperature controls maintained 
this temperature to within kl K. Two thermocouples were used to monitor the tempera- 
tures of the furnace test section and the end of the waveguide where the test sample is 
placed. This same procedure was used to measure all the candidate materials; however, 
some materials were evaluated only at lower temperatures because of their limited tem- 
perature capability. 

Correction for undersize test sample.- In general, it is desirable to insert the test 
sample into the waveguide so that there is no clearance between it and the waveguide; 
however, the test sample was usually machined slightly undersize to facilitate its insertion 
into and removal frsm the waveguide. Because the sample does not precisely fit the wave- 
guide containing it, as shown in figure 8, the measured dielectric properties are in e r ror  
and must be corrected. The equations used for making these corrections (ref. 5, p. 39) 
for the rectangular waveguide are repeated herein. A small clearance between the short 
wall of the rectangular waveguide and the sample can usually be neglected, since the elec- 
tr ic field is almost zero in this region. The equations given are genersl and are  based on 
approximations which are valid only when tan 6 2 0.1. The subscripts m and c denote 
"measured" and "corrected," respectively. The corrected values for the dielectric con- 
stant and loss tangent are given by 

b 
bw - (bw - bs)EIn 

tan 6, = tan 6, (9) 

EXPERIMENTAL RESULTS AND DISCUSSION 

Room Temperature 

The results of the dielectric constant and loss tangent measurements made at room 
temperature by using rectangular cavities a re  presented in tables I1 and III. Most of the 
test samples were heated prior to being measured to reduce the moisture content; how- 
ever, some materials (that is, rubber compounds, ablators) were not heated prior to the 
dielectric property measurements since they a re  suitable only for low-temperature oper - 
ation or  short exposure times, and any heating could alter their dielectric properties. 
Table 11 presents the dielectric property data obtained for all the materials evaluated at 
room temperature and also includes the measured material densities. The frequencies at 
which the measurements were made changed for each material because a different dielec- 
tr ic constant produced a different resonant frequency of the test cavity. 
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In order to demonstrate the effect of moisture content on the dielectric properties 
of the materials, several materials were measured both before and after drying, and 
these results are  presented in table 111. The drying produced very little change in the 
dielectric constant of the materials; however, the loss tangent improved considerably for 
some materials (that is, IPBN, AS-3DX). 

The room-temperature results presented for the materials after drying were com- 
pared with published data (refs. 9 to 11) where available. The dielectric constant and loss 
tangent data presented herein, which could be compared with existing data, is within 
3.5 percent in Er and 225 percent in tan 6 of that data. Density variations, different 
test frequencies, and drying techniques could account for some of the differences. 

The dielectric constants determined from these room-temperature measurements 
were used to calculate the length ds of the test samples needed for the high-temperature 
tests. 

High Temperature 

The dielectric constants and loss tangents of most candidate materials were meas- 
ured at 10 GHz as a function of temperature from ambient up to 1473 K. 
these measurements are  presented in figure 9. Previously published data from refer- 
ences 9 to 12  a re  also included in figure 9 for some materials. 

The results of 

Slip-cast fused silica (SCFS) was used initially as the calibration material and the 
final results obtained for this material are presented in figure 9(a). The data presented 
for SCFS represents at least five different tests and more than one test sample of mate- 
rial. The results obtained for this material agree to within 1*5 percent in Ey and within 
200 percent in tan 6 of those obtained previously (refs. ,10 and 11). These results indi- 
cated that the accuracies of the measurements and calculations were acceptable. 

Dielectric properties for the other antenna-window materials as a function of tem- 
perature are presented in figures 9(b) to 9(g). Figure 9(b) shows the data obtained for the 
hot pressed boron nitride (HD-0092) material and the dielectric constant values agree to 
within 1 percent of published data (ref. 12). The measured loss tangent clata, however, 
differ from published data by as much as 1100 percent at room temperature and decrease 
to less than a 74-percent difference at 1473 K. Published data for this material were 
obtained after drying the test sample in a vacuum oven, whereas the data obtained in the 
present investigation were obtained after the test samples were dried at atmospheric 
pressure. These drying processes could account for some of the difference in the loss 
tangent data. After the high-temperature tests of this material, a deposit was always left 
on the waveguide shorting plate and on the inside surface of the waveguide in the area 
where the test sample was located. This deposit was apparently boric oxide (B203), and 
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in some cases the test specimen would be fused to the shorting plate during the deposit 
formation. When the shorting plate was removed after the high-temperature test, a por- 
tion of the test sample would sometimes adhere to it, as shown in figure 10, and the test 
sample would be destroyed, so that further evaluation of that sample was not possible. 

Results for isotropic pyrolytic boron nitride (IPBN) are presented in figure 9(c) 
with the dielectric constant values being within 1 percent at room temperature and 3 per- 
cent at 1373 K of data obtained from the manufacturer; however, a large difference in the 
loss-tangent data is obtained at room temperature, since loss-tangent data from the 
manufacturer give a value of 0.00006 as compared with the measured value of 0.0015. 
Other values measured at the lower temperatures a re  considerably higher than those 
supplied by the manufacturer; however, better agreement was obtained at temperatures 
above 1000 K. At 1373 K the value supplied by the manufacturer is 0.00012 and the meas- 
ured value was 0.0005. The large differences at the lower temperatures could possibly 
be attributed to more moisture contained in the test samples measured in this program 
since the manufacturer's data were obtained on samples that were driediin a vacuum oven. 
The IPBN test samples left a deposit on the waveguide test section and the shorting plate 
during the high- temperature tests similar to those experienced with the HD-0092 material. 
This deposit was apparently a B2O3 formation as before. 

The results obtained for the aluminum phosphate foam (AlPO4) material a re  pre- 
sented in figure 9(d). 

Two silica composite materials were evaluated and the dielectric properties for 
those materials are presented in figures 9(e) and 9(f), and photographs of samples of 
these materials are shown in figures ll(a) and ll(b). 

The results obtained for the silicone ablative antenna window material (SLA-220V 
H/C) are presented in figure 9(g). This material was developed primarily for high- 
impulse heating applied to only one surface and is not suitable for exposure to high soak 
temperatures. It was therefore evaluated up to a maximum test temperature of only 
773 K. The dielectric constant changed very little until the temperature exceeded 673 K 
and then it decreased slightly. This small decrease was apparently due to shrinkage of 
the test sample during the temperature soaking which would indicate a lower dielectric 
constant. The loss tangent was 0.005 at room temperature, decreased to 0.0035 at 
473 K and 573 K, and then increased slightly to approximately 0.006 at 773 K. 

Dynaquartz, a low-density insulation material being considered for possible appli- 
cations over o r  near the space-shuttle-orbiter antennas, was measured as a function of 
temperature and the results obtained are presented in figure 9(h). 

Several RSI materials were evaluated, and the results obtained for these materials 
are presented in figures 9(i) to 9(m). Figure 9(i) shows the results obtained for the all 
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silica LI-1500 material, Measurements were made of samples having two different 
densities and the data show the effect of the density change on the dielectric constant. 
The data show very little change in E r  as a function of temperature over the range 
investigated. The loss tangent increased from approximately 0.0005 at room temperature 
up to 0.0016 at 1473 K. These data are for the uncoated test samples; however, test data 
obtained for coated samples a re  discussed in a subsequent section. 

Figure 9(j) presents data obtained for LI-900, another all silica material. This 
material is basically of the same composition as the LI-1500 material except the density 
has been reduced. 

Data obtained for mullite HCF a re  presented in figure 9(k). The material composi- 
tion was changed and the data obtained for the new composition, mullite HCF MOD IIIA 
are also presented in figure 9(k). The density of the new material is somewhat higher 
than that of the original material which explains its higher dielectric constant. The loss 
tangent of the modified material is also higher over the entire temperature range. As the 
data indicate, the dielectric properties of this material changed considerably as a function 
of temperature, and this result is not a desirable property for an antenna window material; 
however, other factors could make the material more suitable for a particular application. 

The results obtained for the other mullite material evaluated, mullite MOD IA, are 
presented in figure 9(1). The changes in the dielectric properties as a function of tem- 
perature of this material were much less than those for the mullite HCF materials. 

The test data for the closed porosity insulation, CPI-35, are presented in figure 9(m). 
Two tests were conducted for the same test sample with the first test having a maximum 
temperature of 1273 K and the second a maximum temperature of 1473 K. The loss tan- 
gents were essentially the same for both tests; however, the dielectric constant deviated 
considerably at temperatures above 1073 K. It is important to note that the dielectric 
properties returned to the same values after cooling to room temperatures; therefore, 
the high-temperature cycling apparently produced no permanent change in the room- 
temperature performance of the material. This particular material did exhibit a large 
change in both the dielectric constant and loss tangent as a function of temperature, which 
is not desirable for an antenna-window material as previously stated. 

Several rubber-compound materials were evaluated from ambient up to 473 K, and 
these data are presented in figures 9(n), 9(0), and 9(p). The densities of these materials 
range from 246 kg/m3 to 455 kg/m3. The dielectric properties of all the materials 
behaved in a similar manner as a function of temperature with both the dielectric constant 
and the loss tangent decreasing with increasing temperature over the range evaluated. 
The dielectric-constant values ranged from 1.30 to 1.68 at room temperature. 
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The results obtained for SLA-561 V H/C, the only ablative thermal-protection- 
system material evaluated, are presented in figure 9(q). The dielectric constant increased 
from a room-temperature value of 1.302 up to 1.323 at 473 K and 573 K, then decreased to 
1.272 at the maximum test temperature of 673 K. The loss tangent behaved in a similar 
manner, as it increased from a room-temperature value of 0.0083 up to 0.0111 at 473 K, 
then decreased to approximately 0.0050 at 573 K and 673 K. This apparent decrease in 
both the dielectric constant and loss tangent at the elevated temperatures could be attrib- 
uted to shrinkage of the test sample which would produce this effect. 

Most of the RSI materials require thin surface coatings (refs. 1 to 3) for the purpose 
of preventing moisture absorption, improving the materials' resistance to damage from 
both handling and erosion, and improving the emmissivity. If an RSI material with its 
associated surface coating is to be used over the space-shuttle antennas, the transmission 
properties of the surface coating, as well as those of the basic RSI material, must also be 
determined as a function of temperatiire. After the dielectric properties of all the RSI 
materials were determined as a function of temperature, measurements of the trans- 
mission properties of the surface coatings as a function of temperature were then made 
by using the shorted waveguide technique as before. The test samples were placed in the 
high-temperature waveguide as shown in figure 12. The length of the test sample meas- 
ured within the dielectric medium was 0.75 waveguide wavelengths, and the surface 
coating is located at approximately an electric field maximum. This location would tend 
to accentuate any change in transmission loss of the surface coating as a function of 
temperature. 

The voltage standing-wave ratio was measured and the equivalent voltage reflection 
coefficient was determined for the empty waveguide as a function of temperature and this 
value was used as a reference for comparing the RSI materials data. The data obtained 
for the empty short-circuited waveguide a re  shown in figure '13. 

Four different RSI materials were evaluated, and some typical test samples of these 
materials with and without surface coatings are shown in figure 14. The materials evalu- 
ated were LI-900, LI-1500, mullite MOD IA, and mullite HCF MOD IIIA. The surface 
coating used on the LI-900 and LI-1500 materials was grey in color and designated as 
0042. The mullite MOD IA and mullite H C F  surface coatings evaluated were SR-2 (brown) 
and B-7 (black), respectively. Voltage reflection coefficients as a function of temperature 
for the four materials with and without surface coatings are shown in figure 13. The 
surface-coating effect can be determined by comparing the results obtained for a material 
with a surface coating with those obtained for the same material without a surface coating. 
As the reflection coefficient decreases, more power is being dissipated in the test sample 
and/or the surface coating. 
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The results obtained for the LI-900 and LI-1500 materials were almost identical; 
therefore, the data presented in figure 13 are representative of both materials. These 
results indicated very little change in the waveguide reflection coefficient when the 0042 
surface coating was added. This small reflection-coefficient decrease at room tempera- 
ture remained about the same over the entire temperature range investigated. These 
data indicate very little change in the transmission properties of these materials, even 
after the addition of the 0042 surface coating, as a function of temperature. 

The addition of the SR-2 surface coating to the mullite MOD IA material changed 
the voltage reflection coefficient only slightly at room temperature; however, as the tem- 
perature increases the surface-coating effect becomes more apparent, as shown in fig- 
ure 13. For example, at 1473 K the reflection coefficient measured for the uncoated 
material is 0.818 and that of the coated sample is 0.618. Therefore, the SR-2 surface 
coating has a considerable influence on the transmission properties of the mullite MOD IA 
material at elevated temperatures. 

The mullite HCF MOD IIIA surface coating produced a very snlall voltage-reflection- 
coefficient change of from 0.890 to 0.884 at room temperature. The difference between 
the reflection-coefficient values obtained for the uncoated and coated samples increases 
slightly with increasing temperature, as shown in figure 13. The value obtained at 1473 K 
for the coated sample is 0.416 as compared to 0.495 for the uncoated sample. 

The data presented in figure 13 were also used to determine an approximate trans- 
mission loss for each of the surface coatings as a function of temperature. The surface 
coating was located at a maximum point of the standing wave inside the waveguide and 
couples only to the E-field; therefore, the observed loss for the coating is four times the 
loss that would be measured if the same input power level were transmitted into a matched 
load. In order to determine the transmission loss for the4surface coatings, the loss in 
reflected power for the sample with no surface coating as a function of temperature was 
determined from the voltage-reflection coefficients presented in figure 13. Similar values 
were determined for the samples with surface coatings. The transmission loss of each 
surface coating w a s  then determined by subtracting the loss obtained for a sample with no 
coating from that obtained for the sample with the surface coating. One-fourth of this 
difference should be the transmission loss of the surface coating only, and these data are1 

evaluated. The transmission loss measured for the 0042 surface coating on LI-900 and 
LI-1500 was extremely low over the entire temperature range as shown in figure 15. 

plotted in figure 15 as a function of temperature for the three RSI surface coatings I 

The loss determined for the SR-2 surface coating on mullite MOD IA as shown in 
figure 15 indicates a very small transmission loss at room temperature; however, it 
increases to 0.63 dE3 at 1473 K. 

14 



The results obtained for the B-7 surface coating on mullite HCF MOD IIIA show a 
very small transmission loss at room temperature. The data obtained for this surface 
coating are very similar to that of the SR-2 surface coating up through 873 K. For tem- 
peratures greater than 873 K the transmission loss of the B-7 surface coating reaches a 
maximum value of 0.39 dB at 1473 K. 

CONCLUDING REMARKS 

Results have been presented of an experimental investigation to determine the dielec- 
tric properties of several candidate space-shuttle antenna-window and thermal-protection 
materials. 

The agreement between measured and available published data was generally very 
good with the major differences occurring in the loss-tangent data at the lower tempera- 
tures. Most published data were obtained with test samples that had been dried in a 
vacuum oven; however, the data obtained in the present investigation were for test 
samples that had been oven dried only at atmospheric pressure and possibly could have 
retained more moisture that caused the measured loss-tangent values to be higher. In 
an actual shuttle application the antenna-window material would normally be exposed to 
atmospheric conditions during portions of the flight which could produce a higher loss 
tangent if the material were susceptible to moisture absorption. 

Several of the antenna-window materials showed relatively small changes (less than 
5 percent) in the dielectric constant and low loss tangents from room temperature to 
1473 K. The boron-nitride materials (that is, IPBN and HD-0092) formed what appeared 
to be boric oxide (B2O3) deposits on the surface of the test samples during the high- 
temperature tests, which caused the test samples to adhere to, the waveguide test section. 
This deposit could conceivably create a problem in a shuttle antenna-window application 
where it might be desirable to remove the window from surrounding materials after expo- 
sure to a high-temperature shuttle entry. These materials should be investigated in an 
environment more closely simulating the shuttle-orbiter entry conditions prior to their 
use on the shuttle. 

The LI-900 and LI-1500 reusable surface insulation materials exhibited very little 
change in the dielectric constant, and the loss tangent remained below 0.002 from room 
temperature to 1473 K. The 0042 surface coating on LI-900 and LI-1500 produced a very 
small transmission loss at 10 GHz over the temperature range investigated. The dielec- 
tric properties of these materials and the very low transmission loss produced by the 
0042 surface coating indicate them to be excellent candidate antenna-window materials 
for the shuttle orbiter. 

15 



Some of the RSI materials evaluated were still undergoing minor changes for 
improving their thermal and/or mechanical properties, surface coatings, densities or 
other material properties; however, the results obtained for a particular material should 
be representative of that type of material. Small changes in the material composition 
should not affect the dielectric properties appreciably; however, the final RSI material 
selected for use as the shuttle-orbiter TPS should be evaluated to determine its dielectric 
properties as a function of temperature and frequency before it is used as an antenna- 
window material. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Hampton, Va., February 4, 1974. 
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Shaded area indicates possible RSI usage 

Figure 1.- Predicted maximum shuttle-orbiter-entry 
temperatures, K, converted from O F  in reference 1. 
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Figure 2.- Predicted RSI TPS surface-temperature profile for an antenna 
located on the forward bottom center line of a high-cross-range orbiter. 
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Figure 4. - Voltage standing-wave ratio (VSWR) within 
short-circuited waveguide. 
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Figure 7.- Test sample configuration. ' 
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(a) Fused quartz reinforced silica composite (AS-3DX). 

(b) Multidirectional silica composite (Markite 3DQ) e 

Figure 11.- Silica composite materials. 
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(b) Mullite MOD IA. 

Figure 14.- RSI test samples with and without surface coatings. 
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Figure 14.- Concluded. 
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